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ABSTRACT  The times required for a  steady rate of miniature end-plate po- 
tential discharge to be reached in response  to changes in extracellular [K+], 
[Na+],  and [Ca  ++]  have been measured. In the presence  of 15 mrs KCI, Ca  ++ 
raises  and  Na  +  lowers  the  steady-state mepp  frequency; but  the  depressive 
effect on Na  + is not specific: Li  + can replace Na  + to a large extent. Mepp fre- 
quency has been found to depend on the ratio of [Ca,++]/[Nao+]. It is assumed 
that in the steady state,  intracellular sodium will  change when extracellular 
sodium  is  changed.  Because  both  intraceUular  and  extracellular sodium  at 
motor nerve endings affect acetylcholine release,  it is proposed that mepp fre- 
quency depends on the ratio [Cao] [Na~]  2.  [Nao?  Two models are proposed. Firstly, to 
account for the action of sodium and calcium a carrier is postulated for which 
Ca  ++  and Na  + compete.  The carrier determines a  maximum level  of intra- 
cellular Ca  ++ far lower than predicted by the Nernst equation for Ca. Secondly, 
to account for activation of acetylcholine release by a small influx of Ca++, the 
ions are presumed to enter the nerve ending in a  two stage process through a 
small intermediate compartment and to act on the acetylcholine release  site 
in this region rather than after entering directly into the cell. 
INTRODUCTION 
It has been shown by Kelly (1965)  and by Birks and Cohen  (1965)  that at 
the frog neuromuscular junction the quantal content of the end-plate  poten- 
tial is  increased when extracellular sodium is  decreased,  provided  that  the 
extracellular calcium ion concentration is also low. In view of the well-estab- 
lished  dependence of acetylcholine release  on  extracellular calcium  it  was 
proposed  by these  authors that  sodium and calcium ions may compete for 
some site involved in  the release of transmitter. They also pointed out  the 
analogy  with  sodium-calcium  cornpetidon  in  heart  muscle  (Luttgau  and 
Niedergerke,  1958;  Wilbrandt  and  Koller,  1948).  In  addition,  Kelly sug- 
gested that the competition might be similar to that proposed by Jenkinson 
(1957)  for magnesium and calcium at the frog neuromuscular junction, while 
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Birks and Cohen suggested  that intracellular  sodium might also play  a  role 
in  generating  the  effect. 
A  quantitative investigation of this competition  is difficult because correc- 
tion for the effects of sodium on the presynaptic  action potential cannot ac- 
curately  be made,  and furthermore  the precise  relationship  between  action 
potential size and transmitter release is not known. In the present study there- 
fore, it was decided to examine the relationship between sodium and calcium 
and  the  release  of acetylcholine  at  frog  myoneural junctions  in  which  the 
release  of  transmitter  was  activated  by  maintained  depolarization  of  the 
nerve  endings  brought  about  by  increasing  the  external  concentration  of 
potassium ions. During the course of this work, a related study by Gage and 
Quastel  (1966),  has been reported  using the rat diaphragm preparation,  in 
which  these  authors,  too,  propose  a  model  of sodium-calcium  competition. 
Our results  are  similar  to  theirs  in many respects,  but  there  are  important 
points of difference. 
METHODS 
Sartorius  muscles, from Rana  temporaria were wound  spirally  about  Lucite  rods,  as 
described  by del CastiUo and Katz (1957),  and mounted in a  small capacity (7 ml) 
Perspex bath containing five separate inflow connections and a  gravity drain fitting. 
Solutions were stored in 250 ml separatory funnels mounted about 90 cm above the 
level  of the  bath  and  connected  via  polyethylene  tubing  to  the  inputs.  The  time 
required for a complete change of solution was about 14 sec. For each solution change 
in the experiment, the new solution was changed  three times in the first 2  min and 
following  this,  every  5  rain.  This  procedure  seldom  dislodged  the  microelectrode 
from the muscle fiber. 
Solutions  Two  basic  solutions  were  used:  (l)  phosphate-Ringer,  containing 
in  raM: NaC1 95; KC1 2.5;  CaCl~  1.8; sucrose  13.7;  NaH2PO4 0.85;  Na~HPO4 2.15, 
(2)  Tris-Ringer, containing  in mM: NaC1  100;  KC1  15;  CaCl~  1.8; sucrose 5.6; Tris 
5;  HC1  1.0 N by titration  to pH  7.2-7.3  (approximately 5  ml/liter).  When  the cal- 
cium concentration was changed  the osmotic pressure was kept constant by altering 
the  sucrose  concentration,  assuming  that  l  rnM  CaC12  has  the  same  osmotic effect 
as 2.53  mM sucrose.  Thus when the  CaQ12 concentration was  7.2  rr~ in phosphate- 
Ringer,  and  4  In~  in  Tris-Ringer,  the  highest  concentrations  used,  the  solutions 
contained  no  sucrose.  When  the  sodium  concentration  was  reduced,  osmotically 
equivalent concentrations of sucrose were added assuming that 1.0 mM NaC1 =  1.824 
mM sucrose.  For stimulation in experiments using phosphate-Ringer, solid KC1 was 
added to a final concentration of 15 raM. 
Electrical Recording  For the long periods, up to 4  hr, during which the micro- 
electrode was required  to  remain in  a  fiber,  electrodes with  long shanks  and  rela- 
tively high resistances of 30-50 megohm were used. The fibers chosen for impalement 
were located at the edge of the muscle in the surface layer of fibers. 
Oscilloscope displays of mepp's were photographed  on moving film and  counted BIRKS, BURSTYN, AND FIRTH  Ca  ++ and Na  + on Myoneural  Transmission  889 
directly on the film. A minimum number of 20 potentials was counted at the lowest 
frequencies and when the frequency was higher 250-300 were counted. 
RESULTS 
It has been found by Gage and Quastel  (1965)  that at the rat neuromuscular 
junction  when  the  nerve  endings  are  depolarized  by  excess  potassium  the 
increase in mepp frequency does not reach a  steady state for nearly 30 rain. 
Gage  and  Quastel  (1966)  also  found  that  the changes  in  mepp  frequency 
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FmuP~  1.  Time course of change in mepp frequency in response to an increase in extra- 
cellular potassium  in media of different calcium content.  The muscles were exposed to 
Ringer containing the test concentration of calcium for 15 rain. At t  =  0  rain the KCl 
concentration was raised from 2.5 to 15 rau. Open circles, 0.3 m.M CaCI2 : crosses 1.8 rn~ 
CaCI2 : filled circles 7.2  mM  CaCI2.  Plotted points represent  mean  values from  three 
experiments at each of the calcium concentrations specified. Note that in the presence of 
0.3 mM CaCI2 the frequency had not reached a  steady level within 60 rain. 890  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  52  -  I968 
which occur in response to changes in extracellular  sodium also do not reach 
a  steady  state  for  some  time  following  a  change  in  sodium  concentration. 
Clearly a  study of sodium and calcium interactions during  adjustment of the 
nerve endings to these extracellular ion changes would be difficult to interpret. 
We have, therefore, determined  the times required for frog motor nerve end- 
ings  to  reach  a  steady  state  following  changes  in  extracellular  potassium, 
sodium,  and  calcium.  With  this  information  we  have  been  able  to  study 
sodium-calcium competition at nerve endings in a  steady state with regard to 
their  extracellular  ionic environment. 
Time Course of Response to Increasing Extracellular Potassium 
For  these  experiments  the  muscles were  dissected  out  in  phosphate-Ringer 
(95 m~ NaC1)  and  the  resting  mepp  frequency determined  in  this  solution. 
The  medium was then  changed  to this  Ringer containing  15 mu  KC1,  and 
the time course of increase in mepp frequency was then followed for up to 60 
min. The results are shown in Fig.  1.  In three experiments in the presence of 
1.8 mM CaC12 the mepp frequency increased after the addition of excess KC1, 
rapidly at first and then more slowly, but it took fully 20 min for the frequency 
to reach  the  final  value of 99  4-  12/see  (Mean  4-  SE~).  A  similar  slow in- 
crease in mepp  frequency was  also found in  the  presence of 7.2  mu  CaC12, 
although  the peak frequency was much lower (29  4- 6/see).  In three experi- 
ments in  the presence of 0.3 mM calcium  the response to the increase in po- 
tassium  was  different.  There  was  an  initial  large  transient  increase  in  fre- 
quency  which  waned  within  2  min;  then  the  frequency  increased  more 
slowly than it had  in the  presence of higher concentrations  of calcium.  After 
60 min exposure to  15 mu  KC1 the frequency had only reached  21  4-  6/sec 
and even at that time it had not  become steady.  In later experiments  (Table 
I, Fig. 4) in which the calcium  concentration was changed repeatedly follow- 
ing  prolonged  exposure  to  excess potassium  the  mepp  frequency in  0.3  mu 
CaC12  was  only depressed  by  about  40%  when  the  calcium  concentration 
was changed  from  1.8 mu.  Extrapolating  the curve of Fig.  1,  it would have 
taken  about  2-3  hr  in  the  present  experiments  for  the  frequency  to  reach 
higher value. 
In experiments designed to study sodium-calcium interactions in the steady 
state,  therefore,  the  muscle should  be exposed to excess KC1  for  at least  30 
min  before changing  sodium and  calcium  ion concentrations.  Furthermore, 
these results show that  it is  impractical  to start  the experiment with  a  solu- 
tion  greatly  deficient  in  calcium  ions.  The  procedure  we  adopted  for  the 
following  experiments  was  to  carry  out  all  the  steps  of muscle  dissection, 
mounting in the bath and location of a suitable end-plate region in phosphate- 
Ringer  containing  15  rr~  KC1  and  1.8 m~  Ca.  This  required  from 80-120 
min.  It will be clear from what follows that  the mepp frequency, once it has BmKS, BURS~,  AND FIRTH  Ca  ++ and Na  +  on Myoneural Transmission  891 
reached  a  steady  rate  in  the  presence  of  15  rnrr KC1,  does not alter  signifi- 
cantly over many hours. 
7 ime Course of Response to Changes in Extracellular Sodium 
For these experiments the muscles were dissected out in 50 rnM NaC1 sucrose- 
Ringer  containing  15  m~  KCI  and  1.8  rnM  CaC12 ;  90  min later,  after the 
muscle  had  been  mounted  in  the recording  bath  and  an  end-plate  located, 
the mepp frequency was monitored for 10 rain. The solution was then changed 
first to 95 rnM NaC1 Ringer for 120 rain, then back to 50 mu NaC1, and finally 
to 95 rnM NaCI once more. 
The results of one experiment of this kind are shown in Fig. 2. Upon switch- 
ing  from  50  n~  NaCI  to  95  rnM NaC1  the  frequency  fell  rapidly  and  then 
began  to rise slowly  and became steady within about 60 rain at a  rate which 
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FIOUaE  2.  Time course of changes in mepp frequency in response to changes in extra- 
cellular sodium in the presence of raised potassium. The muscle was equilibrated for 90 
rain in Ringer containing 50 mM NaC1, 1.8 mM CaCI~, and 15 mM KC1. The sodium 
concentration was then changed as follows (arrows):  to 95 rnM at t  =  I0 min; to 50 mM 
at t  =  130 rain; to 95 n~  at t  =  160 mln. Note, transient depression of frequency  on 
raising NaC1 concentration and length of time for the frequency to reach a steady level; 
also transient increase in frequency on lowering sodium and more  rapid attainment of 
steady state. MEPP 
FREQUENCY/SEC 
THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  52  •  1968 
was  slightly  lower  than  in  50  ms  NaC1;  but  the  difference  in  the  three  ex- 
periments  was  not  significant.  When  the  solution  was  changed  back  to  the 
low-sodium  medium  a  high  frequency  transient  burst  of mepp's  was  seen 
in all three experiments,  but  the frequency became steady, within at most 20 
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FIGURE 3.  Time course  of changes in mepp frequency in response to changes in extra- 
cellular calcium in  the presence of raised potassium. The muscle was equilibrated  in 
Ringer containing  1.8  mu CaCI~ and  15  rr~ KC1 for 105 min. The calcium level was 
then changed to the concentrations named at the top of the graph, at the times indicated 
by the vertical dashed lines. Note the rapid attainment of a steady frequency after each 
change of solution,  and the reproducibility of the results  as shown by the constant fre- 
quency in the three trials in 1.8 mM CaC12. 
min, at close to the earlier value.  This effect, but not the former one, was also 
noted  by Gage  and  Q uastel  (1966)  at  the  rat  neuromuscular junction. 
Time Course of Response to Changes in Extracellular  Calcium 
The  extremely  long  time  taken  by  the  nerve  endings  to  equilibrate  to  an 
increase in  extracellular sodium made it difficult to compare mepp frequencies 
in solutions of different  sodium content  at the same myoneural junction.  We BmKs, BuRsrvN, AND FIRTH  Ca  ++ and Na  + on Myoneural Transmission  893 
therefore examined the  time course  of equilibration to changes in calcium 
concentration in the hope that this process would be more rapid. 
In this series  of experiments we first exposed the muscles for 80-120 rain 
to  15 rnM KC1 in 95 or 50  rnM NaC1 Ringer containing 1.8 rnM CaC12 before 
changing the calcium concentration. The calcium concentrations tested were 
0.1, 0.3,  1.8, and 7.2  rnM. In all, six experiments of this kind were done, three 
at each sodium concentration. The mepp frequency was determined in the 
Ringer of appropriate sodium concentration and the order of changing cal- 
cium concentrations was varied from experiment to experiment. The results 
of one experiment in 95 rnM NaC1 are shown in Fig.  3 to illustrate the time 
course of response  to changes in extracellular calcium. A  similar rapid time 
course of adjustment to  changes in calcium occurred in  the presence of 50 
mM NaCI. 
Each solution change, except when the concentration was increased to  7.2 
raM, or decreased to 0.1  mM,  was usually accompanied by a  transient high 
frequency burst of mepp's which declined over a  5--10 rain period,  until a 
new steady frequency was reached. This transient was clearly related to the 
changes in calcium concentration, for simple washing out of the bath with 
the same solution never produced changes in frequency of this nature. Even 
with a  change in calcium concentration of over 10-fold  the mepp frequency 
always became steady at its new rate within 15 rain of the change in solution. 
The steady rate of mepp discharge for any calcium concentration was also 
relatively constant  throughout the  experiment.  Thus,  as  shown  in  Fig.  3, 
the frequency in  1.8 m_M CaCI2 was measured at three different times during 
the experiment over a period of 80 rain, and it did not vary by more than 10%. 
It seems reasonable to conclude from these results that the transient changes 
in  mepp  frequency,  which  occur  upon  changing  the  extracellular  ionic 
environment, arise during adjustment of the nerve endings to the change in 
solution, and that the later steady rate of mepp discharge reflects the attain- 
ment of a  steady state at the nerve endings in the new solution. Because of 
the rapidity of the adjustment to changes in extracellular calcium concentra- 
tion and the reproducibility of the results we have in the following experiments 
maintained the sodium concentration constant in each experiment and varied 
the calcium levels. 
Effects of Sodium and Calcium on Steady-State Mepp Discharge 
The protocol for these experiments was generally the same as that adopted 
for the experiments shown in Fig. 3; but because the presence of phosphates 
might alter the concentration of ionized calcium, Tris was used rather than 
phosphates in all subsequent experiments. 
The muscles were dissected in  Ringer's  solution buffered  with Tris  and 894  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  52  "  1968 
containing  100,  75, or 50 mM NaC1,  15 mM KCI,  and  1.0 mM CaC12  . They 
were equilibrated  in  one  of these  solutions for 80-120  min.  During  the  ex- 
periment  the  sodium and  potassium levels were kept constant  and  the  cal- 
cium  concentration  was  changed  every  15  min.  The  effects  on  mepp  fre- 
quency of seven different  calcium  concentrations  in  100  and  50  m_u  NaC1, 
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FIcum~ 4.  Effects of sodium deficiency on mepp frequency in media of different calcium 
content in the presence of raised potassium. Filled circles,  100 mM NaC1; crosses 75 n~ 
NaC1; open circles,  50 mM NaC1. Plotted points and vertical bars represent mean values 
-4- 1 sE~ from the data shown in Table I. The experimental protocol is described in the 
text. Note parallel shift of ascending limbs of the curves and displacement of the maxima 
to a lower range of calcium concentrations in the sodium deficient media, and the lack 
of parallelism of the descending limbs. 
and five calcium concentrations in 75 mM NaCI, were measured. The calcium 
concentrations  used  were  selected  on  the  basis  of preliminary  experiments 
to  best  define  the  curve relating  mepp  frequency  to  calcium  concentration 
(Fig.  4)  and  they therefore differed in each group of experiments  (Table I). 
In any one experiment  it was only possible to determine  the effects of from 
three  to five different calcium concentrations  on mepp frequency at a  single 
myoneural  junction.  To  provide  a  reference  level  to  which  the  results  of 
each  of the  experiments  in  a  group  could  be related,  the  calcium  concen- 
tration  in  which  the  maximum  frequency  occurred  was  included  in  every 
experiment of that group as shown in Table I.  In each experiment the nerve 
endings were exposed on two separate occasions to this critical calcium con- 
centration.  If the  mepp  frequency  in  these  separate  tests  differed  by more 
than  15%,  or  if the  muscle  membrane  potential  fell  by more  than  10  mv 
during the experiment then the experiment was discarded. TABLE  I 
EFFECT  OF  LOW  EXTRACELLULAR  SODIUM  ON  mepp 
FREQUENCY  IN  SOLUTIONS  OF  DIFFERENT 
CALCIUM  CONTENT 
100 n~  NaC1 
Calcium concentration  (mu/litc~) 
No. of 
expt.  0.2  0,3  0,4  0.5  1.0  1.8  4.0 
1  6*  18  20  13  6 
2  33  46  35 
3  1  6  8  4  3 
4  1  6  10  7  4 
5  49  88  68  38 
6  13  86  150  130  74 
7  50  86  57  31 
8  2  6  16 
9  4  7  10  21 
I0  10  23  38  57 
11  14  17  23  26  38 
12  155  223 
13  77  124  166 
14  30  47 
15  240  325 
16  29  40  55  80 
75 rnM NaCI 
Calcium concentration  (mu/liter) 
No.  0.15  0.2  0.4  0.7  1.0 
1  11  19  47  62 
2  13  42  59 
3  9  28  42  48 
4  6  21  25 
5  36  81  106 
6  1.5  2.8  11  14 
7  20  37  84  108 
8  16  76  122 
43 
47 
38 
50 rn~ NaCI 
Calcium concentration  (m~/liter) 
No.  0.1  0.15  0.2  0.3  0.4  1.0  1.8 
1  5  17  30 
2  5  16  55 
3  69  119 
4  20  63  I00 
5  1  15  30 
6  5  17  30 
7  6  12 
8  81  129  163  186 
9  8  10  18  36  45 
10  25  3.5  4  4,8  6 
11  22  44  58  82 
12  6  15  29  42  53 
27  15 
46  26 
91  57 
85  58 
26 
30  27 
10  10 
* mepp's/sec. 
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Inspection of Table  I  shows the very wide  range  of frequencies of mepp's 
which  are  found  at different  junctions:  from 8  to 325/sec in  1.0 rn~  CaCI2 
and  100 mu NaC1,  for example.  Since  this wide variation  is clearly not  re- 
lated  to  the  changes  in  ions  with  which  we were  concerned,  the  results  of 
each experiment are expressed in Fig. 4 with reference to the peak frequency 
taken  as  I00.  There  is  however one  point  with  regard  to  the  absolute  fre- 
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FIGURE 5  A 
quencies  which  is  important,  and  this  is  that  the  peak  frequencies  in  100, 
75,  and  50  mu  NaC1  were  not  significantly  different  from  each  other  (P 
>  0.4),  being 86  4- 22  (Mean  4- SF.M), 68  4-  14,  and 62  4-  15,  respectively. 
The  tendency  for  the  measured  frequencies  to  be lower  as  sodium  was re- 
duced  may,  however,  be  genuine  because  the  response  of the  motor  end- 
plate  to acetylcholine in  sodium-deficient media  is reduced  (Fatt  and  Katz, 
1952; Nastuk,  1954),  and  this effect might well result in some of the smaller 
mepp's  being  lost  in  the  baseline  noise  under  these  conditions,  and  hence 
not  counted.  This  last  result  is  at  variance  with  the  report  of Gage  and 
Q uastel  (1966)  that  at  the  rat  neuromuscular junction  the  peak  mepp  fre- 
quency was twice as high  in  a  solution containing  70°~ of the normal  con- BIRKS, BURSTYN, AND FIRTH  Ca  ++ and Na  + on Myoneural Transmission  897 
centration  of NaCI  as  it  was  when  sodium  was  normal.  However,  in  their 
experiments  in  order  to  improve  the  signal  to  noise  ratio  in  the  sodium- 
deficient  media  the  electrode  tips  were  broken  to  reduce  their  resistances. 
Such  large  tipped  electrodes  may  well  damage  nerve  endings  and  produce 
spuriously high rates of mepp  discharge. 
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FIGURE 5 B 
Comparison of effects of replacement of sodium by sucrose and  by  Floum~  5 A,  B. 
lithium on mepp frequency in the presence of 15 n~ KC1 at different concentrations of 
extraceUular calcium. The muscles were equilibrated for 90-110 rain in  100 rm~ NaCI 
Tris-Ringer containing 15 mu KC1 with 1.8 mM CaCh in "A", and with 0.3 m_M CaCh 
in "B". At t  -- 0 min, the sodium concentration was reduced to 50 m.~ and isosmolarity 
was maintained by either LiC1, filled  circles,  or by sucrose,  open circles.  The plotted 
points are  the mean frequencies from four experiments of each kind  expressed with 
respect to the frequency in  15 mu KC1 Ringer taken as unity. Note particularly the 
small effect of sodium deficiency in the steady state in the presence of lithium. 
Table  I  and  Fig.  4  show  that  in  100  ntu  NaC1  the  mepp  frequency  in- 
creased  as  the  calcium  concentration  was  raised  from 0.2  to  1.0  mu  by  a 
factor of about  5,  and  that  further  increase  in  calcium depressed  mepp  dis- 
charge.  Closely  similar  curves  relating  calcium  concentration  to  mepp  fre- 
quency,  up  to  the  peak  discharge  rate,  were  found  in  the  sodium-deficient 
solutions;  but  the curves  and  their  maxima  were displaced  significantly  to  a 
lower  range  of calcium  concentrations  as  sodium  was  reduced  from  100  to 
75,  and  from  75  to  50  rr~.  The  curves  of decline  in  frequency  at  the  high 
calcium levels on the other hand  were not parallel. 898  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  -  VOLUME  5~2  -  1968 
Effects of Replacing Sodium by Lithium 
For  these  experiments  the  muscles  were  equilibrated  for  90-120  min  in 
Ringer's  solution  containing  100  rn~  NaC1,  15  rr~  KC1,  and  either  1.8  or 
0.3 mM CaC12, the buffer again being Tris. At the end of this period the NaC1 
concentration  was reduced  to  50 n~  and  in  one group  of experiments  isos- 
molarity was maintained  by addition  of sucrose and  in  the  other  group  by 
addition of LiC1. The effects of these solutions on mepp discharge  are shown 
in Fig.  5. 
When sucrose was substituted for NaC1 the usual high frequency transient 
was  seen.  In  1.8 mM  CaCI~,  the  steady-state frequency  in  four experiments 
was  reduced  by about  10%  and  in  four  experiments  in  0.3  n~u  CaC12,  it 
was increased  over the rate  in  normal  NaC1  by about 3-fold.  These  results 
are  consistent  with  the  data  presented  in  Fig.  4.  When  lithium  was  sub- 
stituted  for  sodium  there  was an  initial  prolonged  increase  in  frequency  in 
the presence  of  1.8  m~  CaCI~,  but  the  apparent  steady-state  frequency  in 
four experiments  was depressed less than  in the presence of sucrose.  In four 
experiments in 0.3 m_u CaC12,  the frequency increased  slightly when lithium 
was substituted for sodium,  but after  30 rain  the frequency  had  returned  to 
the level found in normal  sodium. 
These results suggested the possibility that the reduction in chloride might 
be involved in  producing  the changes  in mepp frequency brought  about by 
substituting  sucrose for NaC1.  This  does  not  appear  to  be  the  case,  for  we 
found in three experiments  in muscles equilibrated in Ringer containing  1.8 
inu  CaC12  and  15 mu KC1,  that replacement  of 50 mu NaC1  by 50 mu Na 
isethionate did not alter mepp frequency. 
Lithium  therefore  appears  to  compete with  calcium  nearly  as  effectively 
as sodium in the system studied here. This observation is in agreement  with 
the  findings  of Kelly  (1968)  that  lithium  and  certain  organic  monovalent 
ions can to varying degrees replace sodium in competing with calcium.  It is 
at  variance,  however,  with  the  report  of Gage  and  Quastel  (1966)  that  at 
the rat neuromuscular junction  substitution  of sodium by lithium  produced 
the same changes  in mepp frequency as occurred when  sucrose was used as 
the sodium substitute. 
DISCUSSION 
Competition Between Sodium and Calcium 
The  parallel  shifts  of the  ascending  limbs  of the  curves  relating  mepp  fre- 
quency to  Ca ++ in  the media of reduced  sodium content,  and  the fact that 
the peak frequency was not changed when extracellular sodium was reduced, 
support  the  suggestion  of earlier  workers  (Birks  and  Cohen,  1965;  Kelly, BmKS, BURSTYN, AND FIRTH  Ca  "b'b and Na  + on Myoneural Transmission  899 
1965;  Gage and Quastel,  1966)  that sodium and calcium compete for some 
site involved in the release of transmitter. It is also significant that the ascend- 
ing limbs of the three curves shown in Fig, 4 can be superimposed by plotting 
mepp frequency in  each series of experiments against the ratio  [Cao]/[Nao] 
as  shown  in  Fig.  6.  At  the  rat  neuromuscular junction  the curve relating 
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FIoul~ 6.  Coincidence of curves relating mepp frequency to calcium concentration in 
media of different sodium content when mepp frequency is plotted against the ratio of 
calcium concentration to sodium concentration. Data from Fig. 5; flied circles, 100 rnM 
NaC1; crosses, 75 mu NaCl; open circles, 50 m~ NaC1. 
mepp frequency to calcium concentration also tended to be shifted to a lower 
range  of calcium  concentrations  when  extracellular  sodium  was  reduced. 
As shown in Fig.  7 when these data from Gage and Quastel  are plotted in 
the  same way as  in  Fig.  6  the  curves  they obtained  also  tend  to  become 
coincident,  although  the  slope  appears  to  be  somewhat less  steep  than  at 
the  trog  junction.  This  quantitative  relationship  between  the  actions  of 
sodium  and  calcium  on  the  release  of acetylcholine makes  it  worthwhile 
to consider possible models to account for the behavior of the nerve endings 
under these conditions. 
The lack of parallelism of the curves at the higher concentrations of cal- 
./  /° 
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cium suggests that some other factor, or factors, must be involved under these 
conditions; for one might have expected that the maximum frequency would 
simply have  been  maintained  as  calcium was  increased.  Perhaps  sodium- 
calcium competition may be  involved in  this  phenomenon to  some extent. 
However,  the  well-known stabilizing action  of calcium ions  on  membrane 
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FIGURE 7.  Coincidence of curves relating mepp frequency in rat diaphragm to calcium 
concentration in media of different sodium content when mepp frequency is plotted 
against the ratio of calcium concentration to sodium concentration. Data from Gage 
and Quastel (1966) Fig. 7 and Table I: filled circles, 162 n~; crosses, 113 rnM; open 
circles, 65 mu NaC1. 
potential  may well  reduce  the  amount of depolarization produced  by  po- 
tassium ions at the higher concentrations of calcium (Shanes,  1958; Posternak 
and Voegeli,  1957;  Luttgau, 1963; Stampfli and Nishie,  1956)  and this effect 
would contribute to the observed decline in frequency. 
Intracellular Sodium as a  Factor in Sodium-Calcium  Competition 
Recently Birks and Cohen  (1968,  a  and b)  have provided indirect evidence 
for the hypothesis that changes in intracellular sodium at motor nerve end- 
ings also affect their ability to release acetylcholine. Their results suggested BmKs, BURSTYN, AND FIRTH  Ca  ++ and Na  + on Myoneural Transmission  9oi 
that an increase in sodium content of the nerve endings substantially increases 
the  release  of transmitter.  It  is  reasonable  to  assume  that  in  the  present 
experiments,  owing  to  the small  diameter of the nerve endings,  the intra- 
cellular  sodium  concentration  must  have  changed  when  the  extraceUular 
concentration was changed. On this basis the initial effect of a  reduction in 
sodium should be to increase the mepp frequency to  a  greater extent than 
after the internal sodium level has fallen. Conversely an increase in external 
sodium should produce initially a  greater depression of frequency before the 
internal sodium level has risen. Both these effects we have observed.  If this 
interpretation  is  correct the time courses of the transient changes in  mepp 
frequency should reflect the time courses of changes in intracellular sodium 
at the nerve endings. An estimate of the latter changes can be made using 
Shanes  and  Berman's  (1955)  value  of 0.9  #M/cm2/min  for  sodium flux  at 
nodes  of Ranvier  in  the  toad  sciatic  nerve.  Taking  the nerve ending as  a 
cylinder 1.5 #  in diameter it should require 2.5 roan for a  change in sodium 
concentration of 10 mM. This time is likely to be a  minimum since the meas- 
ured flux is  unidirectional,  not a  net flux,  and  since active  transport  may 
adjust  to  altered levels of intracellular sodium.  Despite  these qualifications 
the value of 2.5 min is within an order of magnitude of the time course of the 
change in  mepp  frequency in  response  to  a  reduction in  sodium,  the time 
constant of which was about 5  min.  In attempting to explain the effects of 
sodium deficiency on  acetylcholine release,  it  therefore appears  reasonable 
to take into account an intracellular action of sodium. 
The dependence of [NaJ  on [Nao] in axons in the steady state is not well- 
known;  but  there is  evidence from other tissues  (Keynes and  Swan,  1959; 
Mullins  and Framento,  1963;  Post, Albright,  and Dayani,  1967)  that ~Na~] 
varies as  ~/[-~a~] or as  ~.  These would be likely dependencies if the 
sodium pump carried sodium ions in pairs or triplets, since the passive influx 
is proportional to [Nao], and the passive effiux can be neglected. The abscissa 
of Fig. 6, therefore, instead of being [Cao]/[Nao], could equally be 
[Cao]. [Nail 2  (1) 
This possibility is a particularly attractive one, not only because it introduces 
a  term  to  account  for  an  action  of intracellular  sodium  on  acetylcholine 
release; but also because it brings sodium-calcium competition at the neuro- 
muscular junction into line with the competition between these ions which 
occurs in heart muscle where the tension response depends upon [Cao]/[Nao] 2 
(Wilbrandt and KoUer, 1948; Luttgau and Niedergerke, 1958).  If insufficient 
time were allowed for the intracellular sodium concentration to reach a  new 
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intracellular  sodium  would  not  be  observed  and  the  [Nail 2  term  would 
simply be a  constant. This may well have been the case. Given a  sodium flux 
of 4  pM/cm~/sec  (Hodgkin and Horowicz,  1959)  and a  fiber diameter of 7 # 
it would require  a  minimum  of 6  rain  for a  change  in  intracellular  muscle 
sodium of 10 raM. Since this is an  absolute minimum  time the  10 min equi- 
libration time allowed by Luttgau and Niedergerke may not have been suffi- 
cient for intracellular  sodium to adjust to the changed  extracellular  level of 
the ion. In view of these considerations we shall assume in the following analy- 
sis  that  the  frequency  of mepp  discharge  is  related  to  [Cao]. [Nazi 2 rather 
[Nao]~ 
than to [Cao]. 
[Nao] 
Model for Sodium-Calcium  Competition 
It  is  generally  agreed  that  calcium  is  fundamentally  involved  in  coupling 
excitation of the nerve  endings  to the release of transmitter.  Recently Birks 
and Cohen  (1965,  1968)  proposed a  scheme for sodium-calcium competition 
in which sodium and calcium compete at both intracellular  and extracellular 
membrane surfaces for a divalent anionic site on a hypothetical calcium carrier 
(see  Niedergerke,  1963,  a  and  b).  On  this  scheme  calcium  ions  entering 
the  nerve  ending  in  some way activate  the release  of transmitter.  This  hy- 
pothesis of a calcium carrier dependent on [Nazi as well as [Nao] is supported 
by  the  recent  observation  of  Baker,  Blaustein,  Hodgkin,  and  Steinhardt 
(1967)  that  calcium  influx  at  squid  axons  is  accelerated when  intra-axonal 
sodium is high. 
The  present  observations  permit  the  formulation  of a  model  along  the 
lines proposed by Birks and  Cohen,  and providing  a  level of calcium within 
the  axon  terminals  proportional  to  [Cao] .[Nazi 2. We  assume  that  calcium 
[Nao]  2 
and  sodium are  excluded  from  the  membrane  unless  they are  in  combina- 
tion with a  membrane  carrier,  R,  of unspecified charge  which cannot leave 
the  membrane.  If  equilibrium  is  assumed  for  these  two  reactions,  then: 
Ca+R  =  CaR  and  2Na +  R--- Na2R. 
If [Ca]  =  y,  [Na]  =  x,  [R]  =  R,  [CAR]  =  v,  and  ENa2R]  =  u,  then  at 
each side of the membrane,  called  1 and 2 : 
Ill  =  ~Rax~,  u~  =  ~R2x~,  vx  =  yRxyl,  v2  =  ~lR2y2 
where  ~ and  ~  are  the  equilibrium  constants  for  the  combination  with  the 
carrier,  assumed to be the same on both sides of the membrane. 
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brane  in  a  simple  manner  according  to Fick's  Law,  with  the  electric  field 
dV/dx included,  then: 
I•lil 
which on integration gives: 
----D 
'~.  =  p(u~X  -  uUX) 
where  ff~  is  the  net  flux  of NariS,  p  is  the  field  dependent  permeability  of 
Na2R, and X  =  e  °'v/~, z  being the charge on Na~R, and/~  =  F/RT. 
Similarly for CaR: 
,I>,  =  q(v~X  -  ~l/X) 
where q may  be different from p.  However, it  is reasonable  to  assume  that 
the mobility of Na~R is close to that of CaR, and we henceforth  put p  ---  q. 
If the  total  amount  of carrier  is fixed and  it is assumed  that  the average 
values, ul  +  u~ and vl  +  v2 closely approximate  the amount of carrier  in the 
2  2 
forms  Na~R  and  CaR,  and  that  the  amount  of carrier  in  the  free  form  is 
negligible,  then ut  -t-  u~  +  Vx  +  v~  =  Ro,  a  constant.  Furthermore,  since a 
steady state exists,  the carrier  cannot accumulate on either side of the mem- 
brane  so that  ~  +  4,  =  0.  When  the  unknown  variables  u~,  us,  v~,  v2, 
R~, R2 are eliminated  from the equation then: 
4,  -- P  y,/,<l  -  y,/,<l  ( 2  )  (1 +  Xy,/x;)(1 +  Ky,/,<I)(x  +  l/X) 
where P  is a  permeability constant and K  =  ~/~. 
This quantity 4, represents the net flux of calcium using this carrier mech- 
anism.  If calcium  can  pass  through  the  membrane  only  by means  of this 
carrier,  then the steady state becomes a  pseudoequilibrium with 4°  =  0 and : 
y~x~  ( 3 ) 
yx  ~  xl 
Thus the concentration of calcium in the nerve endings does on this model 
depend upon ['Nao],  [Nazi, and [Cao] in the way described by equation 1. This 
mechanism  has  one  particularly  interesting  feature.  What  is normally  con- 
sidered  a  strong  gradient  for  calcium  to  enter  the  nerve  endings  is  here 
"balanced" by the gradient for sodium in the same direction: in other words, 
calcium can be forced out of the cell on the carrier  as long as an equivalent 
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If we take the values ECao]  =  2 m_u, [Nao]  =  100 mM, and [NaJ  =  20 re_u, 
this gives an estimate of 80 #M for [Ca~].  However,  the model does not take 
into  account  active  removal  of Ca  from  the  axoplasm  (Niedergerke,  1963, 
a  and  b,  Schatzmann,  1966)  and  in  fact a  value  of 2  #M  is probably more 
reasonable  (Hodgkin and Keynes,  1957).  We now suppose that,  in addition 
to the passive carrier  system, calcium is actively transported  from the nerve 
endings.  Under  these  conditions,  if we  permit  passive permeability  to  vary 
with membrane potential,  then so will the level of [Ca,:]. 
The passive system gave rise to equation 2 which takes on the simpler form: 
•  ~ =  P(yl/x~-y2/x~)  if  Kv/x 2 <<  1.  (4) 
If we  assume  that  the  active  system  is  inhibited  by  the  competition  with 
sodium, just like the passive system,  then  by analogy we may have: 
•  ,ctivo  =  Ay~/x~,  where A  is a constant.  ( 5 ) 
Any inward  flux  is  presumed  to  be  much  smaller,  owing  to  the  extra  free 
energy available to the active process, and  therefore can be neglected. 
Combining  the  passive  and  active fluxes,  then  in  the  steady state  ~  = 
CI)active  SO : 
P(yz/x~  -- y2/x~)  =  Ay~/x~ 
or 
2 
Y2  =  ylx~2 • --P  ( 6 ) 
x~  P+A" 
X 2 t  X2  The  range  of variation  of [Cai]  (y2) is  between  0  and  yl  2/  1,  the  value 
reached  as  the  permeability  rises  during  depolarization.  The  value  of y~ is 
proportional  to yl throughout  the whole range.  If instead we were  to choose 
an  active  transport  whose  rate  was  proportional  to  [CaJ  only,  then  the 
steady-state level of calcium becomes: 
2  ytx2  .  P 
y2  =  x~  P  +Axe" 
This  no longer  has quite  the desired form,  but it  should  be  remembered 
that  our experimental  results do not fit precisely the relation  that  has  been 
aimed at throughout this discussion. 
Implications  of the Model for the Mechanism  of Acetylcholine  Release 
On the model we have proposed the action potential  during  invasion  of the 
nerve  endings  increases  the  mobility of the  calcium  carrier,  the  amount  of 
calcium entering the fiber with each impulse being dependent upon the con- 
centrations of Cao, Nao, and Na~.  Calcium would be expected to act on the 
acetylcholine release sites after its release from the carrier.  If we consider the BmKS, BURSTeN, AND FIRTH  Ca  ++ and Na  + on Myoneural Transmission  905 
calcium  carrier  as  a  pore  in  the  membrane  during  influx  the  calcium  con- 
centration  would  rise  intracellularly  only  about  a  highly  restricted  area  of 
membrane.  For  a  pore of radius  r  and  length  1 then  the  concentration  in  a 
steady state of diffusion at a  distance R  from the pore exit could not be raised 
r  2 
more than about "2f-R no where no is the outside concentration. Taking r  =  5 A, 
1  =  100 A,  and  no  =  2  inM,  then  the  concentration  of ionized  calcium at a 
membrane  site  10 A  distant from the pore exit would be 25/~M,  and at  100 A 
it would be 2.5/~M.  This might be taken to suggest that the molecular assem- 
blage with which  calcium combines to bring  about efflux of acetylcholine  is 
EC.$  MEMB'RANE  ICS 
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FIOU~  8.  Diagram  of cross-section  through  nerve  ending  membrane  to  illustrate 
possible  site of the  intermediate compartment and the relationships between calcium 
carriers, acetylcholine release sites, and calcium pumps. Cross-hatched areas represent 
unit membranes and matrix. At left, extracellular space; at right, axoplasm. Unshaded 
areas within  the  membrane  (intramembrane space)  represent intermediate compart- 
ments through which calcium and acetylcholine can move. All openings are regarded 
as restricting  the  movement of calcium and  acetylcholine as  specified.  The  stippled 
openings represent specialized mechanisms.  This  model would  fit the  concept of an 
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spatially adjacent or interwoven into each calcium carrier complex. A perhaps 
more attractive alternative is to suppose that calcium enters the nerve ending 
in a  two stage process  through an intermediate small compartment, which 
restricts its rate of entry into the axoplasm.  Such an intermediate compart- 
ment would have to be located either within or immediately adjacent to the 
nerve ending membrane as illustrated in Fig. 8. 
Most recent  analyses of calcium action have been  made in  terms of the 
hypothesis (del Castillo and Katz, 1954; Katz and Miledi, 1968)  that calcium 
combines with a surface membrane site "X" which in the combined form can 
respond to excitation and bring about the release of transmitter. The com- 
petition between calcium and magnesium and calcium and sodium has been 
interpreted in this way (del Castillo and Katz,  1954; Jenkinson,  1957; Gage 
and Quastel, 1966; Dodge and Rahamimoff, 1967; Rahamimoff  and Colomo, 
1967).  If it be borne in mind that both magnesium (Hodgkin and Keynes, 
1957)  and sodium (Niedergerke,  1963,  a  and b)  are known from studies on 
nerve and muscle to compete with calcium for entry on the calcium carrier 
then it appears possible that the postulated site "X" noted above may be the 
calcium carrier  proposed  in  the  present  model  (see  Hodgkin and  Keynes, 
1957). 
Dodge and Rahamimoff (1967)  have found that acetylcholine release by 
nerve impulses is proportional to the fourth power of the calcium concentra- 
tion at low levels of the ion. In our experiments the relationship was roughly 
logarithmic, somewhat similar to that found by Dodge and Rahamimoff at 
the higher concentrations of calcium. Further comparison, however, appears 
unjustified because of the very different conditions of stimulation used in the 
two series of experiments. 
This research was supported by grants from the Defence Research Board of Canada and the Mus- 
cular Dystrophy Association of Canada. 
Received for publication 28 May 1968. 
REFERENCES 
BAKER, P. F., M. P. BLAUSTEIN, A. L. HODGKIN, and R. A. STEINHARDT. 1967. The effect of 
sodium concentration on calcium movements in giant axons of Loligo forbesL  J.  Physiol. 
(London). 192:43. 
BmKS, R., and M. W. COP~N. 1965. Effects of sodium on transmitter release from frog motor 
nerve terminals. In Muscle. W. M. Paul, E. E. Daniel, and G. Monckton, editors. Pergamon 
Press, London, England. 403. 
BmKS, R. I., and M. W. COHEN. 1968 a. The  action of sodium pump inhibitors on neuro- 
muscular transmission in the frog. Proc. Roy. Soc. (London), Set.  B.  170"381. 
BmKS, R. I., and M. W. ComaN. 1968 b. The influence  of internal sodium on the behaviour of 
motor nerve endings. Proc. Roy. Soc. (London), Ser. B.  170:401. 
DEL CASrILLO,  J., and B. KATZ. 1954. The effect of magnesium on the activity of motor nerve 
endings. J. Physiol. (London). 124-'553. 
DEL CASTmLO,  J., and B. KATZ. 1957. A study of curare action with an electrical micro method. 
Proc. Roy. Soc. (London), Ser. B.  146:339. BIRKS, BURSTYN, AND FIRTH  Ca  ++ and Na  + on Myoneural Transmission  907 
DODGE, F. A., JR.,  and R. RAHAMIMOFF. 1967. Co-operative action of calcium ions in trans- 
mitter release at the neuromuscular junction, or. Physiol. (London). 193:419. 
FATW, P.,  and B.  KATZ.  1952.  The effect of sodium ions on neuromuscular transmission. 3.. 
Physiol. (London). 118:73. 
GAOE, P. W., and D. M. J. QUASX~L. 1965.  Dual effect of potassium on transmitter release. 
Nature (London). 206:625. 
GAoE, P. W., and D. M. J.  QUASTEL. 1966.  Competition between sodium and calcium ions 
in transmitter release at mammalian neuromuscular junctions. J. Physiol. (London). 185:95. 
HODOgaN, A. L.,  and P. HoRowxez.  1959.  Movements of Na and K  in single muscle fibres. 
J. Physiol. (London). 145:405. 
HODOKrN, A. L., and R. D. I~YNm. 1957. Movements of labelled calcium in squid giant axons. 
J. Physiol. (London). 138:253. 
JENKmSON, D. H.  1957. The nature of the antagonism between calcium and magnesium ions 
at the neuromuscular junction. J. Physiol. (London). 138:434. 
KATZ, B., and R. MILEDI. 1968. The role of calcium in neuromuscular facilitation. J. Physiol. 
(London). 195:481. 
K~LLY, J. S. 1965. Antagonism between Na  + and Ca  2+ at the neuromuscular junction. Nature 
(London). 205:296. 
K~LLY, J.  S.  1968.  The antagonism of Ca  2+ by Na  + and other monovalent ions at the frog 
neuromuscular junction. Quart. J. Exptl. Physiol. 53-'239. 
KEYNES, R.  D.,  and R.  C.  SWAN. 1959.  The effect of external sodium concentration on the 
sodium fluxes in frog skeletal muscle. J. Physiol. (London). 147:591. 
LUTTOAU, H.  C.  1963.  The action of calcium ions on potassium contractures of single muscle 
fibres. J. Physiol. (London). 168:679. 
LUTTOAU, H.  C.,  and R. NIEDEX~OEmC.e. 1958.  The antagonism between Ca and Na ions on 
the frog's heart. J. Physiol. (London). 143:486. 
MtrLLINS, L. J.,  and A. S. FR~a~t~-NTO. 1963. The concentration dependence of sodium efflux 
from muscle. J. Gen. Physiol. 46:629. 
NASTUX, W.  L.  1954.  Relation  between  extraceUular Na  +  and  the  depolarizing action of 
acetylcholine  +  on  the end-plate membrane.  Federation Proc. 13:104. 
Nn~DERO~aXE, R.  1963 a. Movements of Ca in frog heart ventricles at rest and during con- 
traetures. J. Physiol. (London). 167:515. 
NmDERO~aKE, R.  1963 b. Movements of Ca in beating ventricles of the frog heart. J. Physiol. 
(London). 167:551. 
POST, R.  L.,  C.  D.  ALBreCHT, and  K.  DAYAr~I. 1967.  Resolution of pumps  and  leak com- 
ponents  of sodium  and  potassium ion  transport in  human  erythrocytes. J.  Gen. Physiol. 
50:1201. 
POSTEm~AK, J.,  and H.  VOECZLt. 1957.  Effects of calcium on potassium depolarization and 
conduction blockade in frog nerve. In Metabolism of the Nervous System. D. Richter, editor. 
Pergamon Press, London, England.  182. 
RAHAMIMOFF, R., and F.  COLOMO. 1967.  Inhibitory action of sodium ions on transmitter re- 
lease at the motor end-plate. Nature (London). 215:1174. 
SCHATZMANN, H. J.  1966.  ATP-dependent Ca  ++ extrusion from human red ceils. Experientia. 
22:364. 
SnANES, A. M.  1958.  Electrochemical aspects of physiological and  pharmacological actions 
in excitable cells. Pharmacol. Rev. 10:59. 
StraNds, A. M.,  and M.  D.  BEGAN.  1955.  Penetration of the desheathed toad sciatic nerve 
by ion and molecules. II. Kinetics. J. Cellular Physiol. 45:199. 
STA~PFLI, R.,  and K. NIsrnE.  1956.  Effects of calcium-free solutions on membrane-potential 
of myelinated  nerve  fibers  of  the  Brazilian  frog  Heptodactylus occelatus. Helv. Physiol. 
Pharmacol. Acta. 14:93. 
WtLBRAm~T, W., and H. KOLLER. 1948.  Die calciumwirkung am froscherzen als funktion des 
ionengleichgewichts zwischen zellmembrane und umgebung. Helv. Physiol. Pharmoxol. Acta. 
6:208. 